Objective-A study was performed to produce reference standards for spirometric lung function in white children and to calculate standard deviation scores adjusted for gender and pubertal stage.
Methods-A cross sectional study was made of 772 white children aged 4-6 to 18-8 years (455 male) tested on an OHIO 840 spirometer and assessed anthropometrically and pubertally. Results-Before puberty there was a linear increase in all lung function measurements with height. During puberty a sudden increase occurred, but subsequently the relationship was again linear. No simple single equation described this pattern. Advanced puberty in younger children conferred a respiratory advantage, whilst delayed puberty resulted in the converse. Girls had poorer volumes per unit height, but young girls had superior airflow/unit lung volume. In both sexes lung volumes and flows bore a constant relationship to external thoracic dimensions. Conclusions-Puberty has a dramatic effect on lung function. Regression equations for predicted values of lung function measurements and for calculation of standard deviation scores are given (with pubertal correction factors) for each gender. (Thorax 1993; 48:794-802) At least 1 18 reference standards for lung function in white children have been published since 1950.1 From some of these summary equations have been derived.2 It is 13 years since the last standards on UK schoolchildren were published3 but, as with other quoted UK standards,45 potential drawbacks exist. Difficulties in data interpretation may arise because of modest sample size (<400) which may account for the lack of differences between the sexes,4 the use of linear regression only to derive summary equations,5 the possibility that distributions may be nonnormal, and the lack of reported assessment of possible trends in the standard deviation of a lung function variable with height-that is, whether the spread of results about the predicted mean changes with increasing height. Now that children with progressive lung conditions such as cystic fibrosis survive into adolescence, longitudinal monitoring becomes even more important but requires lung function reference data in which puberty is a variable.6 It has been shown that a single power curve for forced expired volume in one second (FEV,) cannot be used from early childhood to late adolescence,7 although some groups continue to do SO.8 Most studies, including those in the UK, have predominantly assessed younger prepubertal children,"' 9 whilst none have shown the original data from which the validity of the summary equation might be judged. In current clinical practice summary equations are used to calculate "percentage predicted results" ((actual result/predicted result) x 100%), but these do not indicate the centile position of such a result nor how they are distributed about the quoted regression line.
We therefore performed a cross sectional study of lung function in healthy schoolchildren to reassess reference standards throughout childhood and puberty. A small portion of these data has previously been used for the assessment of vital capacity in patients with severe scoliosis on the basis of hand and foot size.'0 Methods One thousand and seven children were initially recruited from 12 London schools. Informed consent was obtained from all parents who also completed a detailed questionnaire concerning the family's smoking history, the child's antenatal and postnatal history, and any previous respiratory symptoms. Twenty seven children were excluded because they had either had an acute respiratory illness in the three weeks before testing or, despite initial screening before recruitment, they had symptoms stron-gly suggestive In both these instances the only information required for the calculation of an SD score was the actual result and the child's height. Using these equations each result for each variable was converted to an SD score so that, for any variable, the mean of the entire sample was 0 with an SD of 1. The independent effects of puberty on lung function were assesed using the child's SD score by one way analysis of variance (ANOVA) with Duncan's correction for multiple contrasts.
Individual group results are presented as ua)
. The same method of analysis was performed with sitting height. In this case the height blocks were 2-5 cm each. Figure 5A and B show the scatterplot results for FEV, in boys and girls with no obvious discontinuity. Tables 1 and 2 show the regression equations for the predicted spirometric variable and standing height ( .l .
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with the pubertal growth spurt observed in Tanner's charts." Table 3 summarises the Tukey weighted mean SD scores calculated for each sex and pubertal stage in the six height blocks around the discontinuity. In boys 147T6-162-5 cm in height, early puberty (stages 2 and 3) Sitting height (cm) Figure 5 Raw FEV, results for (A) boys and (B) girls against sitting height. Note the lack ofdiscontinuity in the results.
are either prepubertal (stage 1) or postpubertal (stage 5) and hence no correction is likely to be necessary.
EFFECT OF GENDER
In children under 152X6 cm in height there was no difference in PEF, MEF50, MEF25, and PIF between the sexes. There were, however, small but significant differences in FEVI, FVC, and FEV/FVC. In boys of the same height these were 6% (5 8-6 3%), 8 -5% (8 3-8 7%), and 2-4% (2 3-2 55%) higher than girls respectively. This difference was uniform over the height range 107-6-152-5 cm. The results for FEV, are shown in fig 6 .
Between heights of 152-6 cm and 162-5 cm when girls typically have their pubertal growth spurt, all female spirometric variables were higher than males with the exception of FVC. FEV, was 7-4% (3A4-11-4%, p = 0-0001), PEF 7-4% (0*08-146%, p < 0 07), MEF50 19% (11-27%, p = 0-0001), MEF25 36% (24-48%, p < 0.0001), and PIF 7-6% greater in girls (1.1-14%, p < 0-02). After 162i5 cm, a time when boys typically have their pubertal growth spurt, male spirometry results were significantly higher than female values, the difference increasing with height. Table 2 Cakulation of a predicted result of a spirometric variable using sitting height (cm) where A,B,C,E,F and G represent the coefficients of a fifth power polynomial, R2 represents the percentage of variance predicted by the equation and D represents the standard deviation expressed as a fraction of the predicted result. Godfrey(1973) Cogswell (1975) Figure 7 shows the calculated FEV, results from this study compared with equations derived from other UK studies."-The present data show a close approximation to those of Cotes and Cogswell up to a height of 160 cm, after which they deviate sharply and more closely approximate Godfrey's results.5
Discussion
The purpose of this study and its analysis was to derive normative standards for lungJfunction from a local UK, non-hospital based population and to calculate regression equations which not only correctly reflected the "centre" of the reference population, but included an accurate method for determining the dispersion about that centre and thus an SD score. Centile charts will be useful in the longitudinal assessment of children with chronic lung disease, especially around adolescence, but tables 1-3, although appearing complex, will also simplify analysis by permitting easy computer driven calculation of SD scores. As with all predictive equations they are only valid for children aged 4-6-18-8 years and 107-5-192-5 cm in height. Extrapolation to test younger children who are tall for their age or short adults must be done with extreme care as they may be invalid under those circumstances.
The finding that no single linear or power curvilinear relationship correctly describes the relationship between forced ventilatory manoeuvres and height throughout childhood was first noted by Dickman et al6 who found a sudden discontinuity between height and FVC at 60 inches (153 cm) in boys and girls. This is not, however, reflected in currently published summary equations.2 Although pubertal stage was not assessed in that study, it was nevertheless assumed to be the reason for the discontinuity. Years later Warner related peak flow to pubertal stage and testosterone levels and showed a marked rise in PEF in late puberty (stages 4 and 5).'7 Engstrom et al'8 also showed that, at a given height, older children had a higher vital capacity. Sherrill et al,19 although not recording pubertal stage or thoracic dimensions in a longitudinal study of somatic growth and lung function, found sudden changes in lung function during the adolescent growth spurt different from those before or after this period. In addition, although the maximum changes in lung function coincided with the growth spurt in females in their study, they lagged behind the growth spurt in males by six months for FVC to 18 months for MEF,,5,. In a further longitudinal study DeGroodt et aP'0 evaluated thoracic dimensions and standing height and related this to changes in RV and VC. Once more puberty was not formally assessed but they concluded that thoracic width in females hardly changed during adolescence while thoracic length increased twice as fast in males than in females.
The above findings, together with the knowledge that maximum muscle strength (which will contribute to forced manoeuvres) occurs 14 months after peak height velocity,2' may explain the pubertal discontinuity in both sexes and the apparent "acceleration" in male lung function with increasing height after puberty in our study, evidenced by significant increases in the slopes for FEV, FVC, and PEF in males taller than 165 cm compared with those of 160 cm or less. The significant changes in thoracic dimensions at puberty (greater in males) lead to the discontinuity, with the continuing asynchronous and greater male thoracic versus somatic growth and later increase in muscle strength contributing to the continuing divergence of male and female lung function after puberty. The apparently constant relationship of external thoracic dimensions to lung function, where sitting height estimates thoracic length and chest circumference or depth estimates thoracic area, lends support to this. In our study there were insufficient anthropometric measurements in the taller females to draw firm conclusions; nevertheless, in males the change in the square of the chest circumference with somatic growth mirrored the changes in lung function (data not shown).
The finding of superior airflow per unit lung volume in younger girls (an effect which equalises by late adolescence) confirms the findings of Hibbert et al22 suggesting that younger girls have shorter (to account for the reduced lung volumes at a given height in girls) but wider airways than boys. In our study maximal differences were in MEF,dE/VC and MEF25/FVC, suggesting greater differences in the smaller airways.
Using two separate linear equations to describe the relation between height and lung function, especially when monitoring children longitudinally, can lead to potentially spurious changes in relative lung function when the child's growth requires one to change from one linear equation to the second linear equation necessary for taller children. These spurious changes-for example, the child's SD score may appear to temporarily fall although actual lung function continues to improve-can be minimised by correcting for pubertal stage at this time (155-170 cm in males and 145-160 cm in females), with the help of table 3 (see Appendix). An undoubted advantage, however, of linear over power equations for calculating an SD score is the halving of changes in a particular SD score due to height measurement errors.
The methods of analysis described in this paper are based on the same statistical principles recommended by Chinn and Rona,9 namely ensuring a normal distribution and not assuming equal variances. Their study, however, only dealt with children under 12 thus excluding the pubertal years and, although they were able to recommend a single descriptive equation for spirometric variables, we have shown that this is not possible over a wider age range.
In conclusion, changes in lung function, like somatic growth, have distinct phases that cannot be explained by a single simple relationship. The pubertal state is crucially important when comparing patients, especially those with chronic disease, with their healthy counterparts. We believe the use of centile charts similar to those for growth, or the calculation of SD scores, or both, are the best way of longitudinally monitoring such children. We hope the results of the current study can be used to this end.
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